Quantum dots (QDs) are of great interest due to their unique chemical and physical properties. Recently, a hot start (HS) polymerase chain reaction (PCR) amplification performance based on QDs with a high-fidelity Pfu DNA polymerase has been reported. However, whether QDs can trigger HS effects with other high-fidelity or conventional DNA polymerases is yet to be understood. In the present study, we studied the QD-triggered HS effects with four high-fidelity and three conventional DNA polymerases, and the HS effect comparisons among them were also made. It was found that QDs could trigger a distinct HS PCR amplification performance with all the four tested high-fidelity DNA polymerases, and specific target DNA could be well amplified even if the PCR mixture was preincubated for 2 h at 508 8 8 8 8C. On the contrary, the HS effects were not prominent with all the three conventional Taq DNA polymerases. Specifically, the fidelity of Pfu is not sacrificed in the presence of QDs, even after a 1 h pre-incubation at 508 8 8 8 8C before PCR. Furthermore, the electrophoresis results preliminarily demonstrated that QDs prefer to adsorb high-fidelity polymerases rather than conventional ones, which might result in the QD-triggered HS effects on PCR performance by using high-fidelity DNA polymerases.
Introduction
Polymerase chain reaction (PCR) has become one of the powerful techniques in biological and medical sciences since 1980s. Owing to the exponential amplification of PCR, large amounts of DNA fragments can be obtained for DNA sequencing and genetic analysis [1] [2] [3] . However, this technique is often plagued with its low specificity and sensitivity. Great efforts have been made to improve PCR efficiency and specificity, such as PCR additives [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , instrumental design and enzyme modification [14, 15] , etc.
Generally, the non-specific amplification products arise from mismatched events or primer self-annealing. Therefore, hot start (HS) PCR is one of the most important strategies to prevent such unwanted non-specific PCR products at low temperatures during PCR. Commonly, there are three existing methods for performing HS PCR. The first one is to withdraw one key component (e.g. dNTP, primer, Mg 2þ , or DNA polymerase) until the desired temperature is reached [16, 17] . However, this approach is inconvenient and prone to cross-contamination. The second approach is the inactivation of the DNA polymerase by temporary chemical modifications [18, 19] , or through the use of antibodies or oligonucleotide aptamers bound to the polymerase [20] [21] [22] . Although the use of HS polymerase results in high-specificity amplification, it has greatly increased the cost of PCR amplification. The third approach is to employ modified primers [20] [21] [22] [23] or dNTP [24] , and largely depends on the efficiency of the modification [25] [26] [27] .
Quantum dots (QDs), known as semiconductor nanocrystals, are nanoscale inorganic particles in size of 1-10 nm. So far, QDs have received considerable interest in many fields due to their excellent chemical and physical features [28, 29] . Moreover, QDs have been used as additives to improve PCR yield and specificity [30 -36] . Recently, we presented a new QD-based nanoengineering strategy to dynamically regulate the activity of DNA polymerases and achieved an HS-like effect in PCR with a high-fidelity Pfu DNA polymerase [37] . Interestingly, target products were obtained in high specificity and yield even after a 1 h preincubation at temperature between 358C and 608C, which were comparable with those obtained with some commercial HS polymerases. However, whether QDs can trigger HS effects with other high-fidelity or conventional DNA polymerases remains to be understood. In the present study, we investigated the QD-triggered HS effects using four high-fidelity and three conventional DNA polymerases, and then compared the QD-triggered HS effects between highfidelity and conventional DNA polymerases.
Materials and Methods

Materials
Human genomic DNA was isolated from human whole blood by using a spin column whole blood genomic DNA minipreps kit (Sangon, Shanghai, China), and used as the template (10 ng/ml) for DNA amplification. PCR primers (A99: 5 0 -ACTGGGAAACTGTGACTGCTGC-3 0 ; A100: 5 0 -GACCTAACGTGGGACATAGAACAA-3 0 , the band is 803 bp in length) were designed and synthesized by Sangon. Taq, r-Taq, and Crimson Taq polymerases were purchased from Sangon, Takara (Dalian, China), and NEB (Beijing, China), respectively. High-fidelity polymerases including Pfu, Phusion, Pyrobest, and Robust fusion were purchased from Sangon, NEB, Takara, and Robustnique Corporation Ltd. (Tianjin, China), respectively. Molecular weight marker (DL2000 with 100, 250, 500, 750, 1000, and 2000 bp DNA bands, shown as M in all related figures) and all other reagents were purchased from Sangon.
Preparation and characterization of CdTe QDs
QDs (stock solution at 1 mM) were provided by Prof. Jicun Ren's lab at Shanghai Jiao Tong University (Shanghai, China). Briefly, water-soluble CdTe QDs were prepared using the reaction between Cd 2þ and NaHTe solution in the presence of mercaptopropionic acid as a stabilizer according to the approach described in the literatures [38, 39] . Emission spectra were recorded using a Varian Cary spectrometer, and absorption spectra were obtained by a Lambda 20 UV-visible spectrophotometer (Perkin-Elmer, Waltham, USA). CdTe QDs with an emission wavelength of 583 nm were used in this study. The optimized final concentration of QDs in PCR was about 85 nM.
PCR amplifications PCR amplifications were set up in a final volume of 12 ml. The reaction mixture contained 0.25 mM each primer, 200 mM each dNTP, 0.4 ng/ml template DNA, DNA polymerase (0.2 or 1 U), and different concentrations of CdTe QDs with the emission length of 583 nm, and filled up to the final volume with distilled water. The thermal cycling was done with the following protocol: 4 min at 948C; followed by 40 cycles of 30 s denaturation at 948C, 30 s annealing at 568C, and 40 s extension at 728C; and a final extension of 5 min at 728C. All PCR reactions were performed on a T-Gradient Thermal device (Takara Shiga). The PCR products were separated on 1.2% agarose gel with 0.2‰ (w/v) ethidium bromide and visualized using WD-9413C Electrophoresis image analysis system (Liuyi, Beijing, China). Furthermore, QD-facilitated PCR products were analyzed by Sanger sequencing after purification in order to determine the amplification fidelity.
Gel electrophoresis
Agarose gel was prepared by boiling of 1Â tris-acetate-EDTA (TAE) buffer in microwave. The hot suspension gel was cooled to about 608C and gently poured in a horizontal gel tray. A comb was inserted to form required wells. The gel was transferred into electrophoretic bath containing TAE buffer. Appropriate volumes of the diluted QDs, 18 ml of mixture contained 10 ml aqueous suspension of QDs, and different volumes of DNA polymerases were added into the wells. Electrophoresis experiments were carried out using 1.6% or 0.8% agarose gel cast in TAE buffer in order to investigate the potential interaction between QDs and Pfu, Taq, or Robust fusion, respectively. The setup was operated at a constant voltage of 80 V for 25 min. A UV transilluminator (Liuyi) was used for the visualization of the bands.
Results
Comparison of HS PCR amplification performances with different polymerases after a 1 h pre-incubation at different temperatures
In order to study whether QDs could trigger HS PCR amplification performance with different DNA polymerases, high-fidelity DNA polymerases and conventional Taq DNA polymerases were used. Table 1 listed four high-fidelity DNA polymerases (Pfu, Robust fusion, Pyrobest, and Phusion) and three conventional Taq DNA polymerases (Taq, r-Taq, and Crimson Taq). The non-specific amplification products including primer dimmers and mispriming products are largely amplified in seconds at a low temperature (often lower than 608C). Hence, the PCR mixtures containing either a high-fidelity DNA polymerase or a conventional DNA polymerase were first preincubated for 1 h at a low temperature (358C-568C) prior to PCR, as it often took 0.5-1 h for the high-throughput PCR steps. As shown in Fig. 1 , the amplification reactions using a high-fidelity DNA polymerase alone led to a high level of undesired amplification products as smearing and no target bands could be obtained. In contrast, the presence of QDs apparently resulted in more specific amplifications and only target bands were obtained (as shown by the arrow), especially for Pfu, Robust fusion, and Phusion DNA polymerases. Even though a slight non-specific band was seen for Pyrobest DNA polymerase, the predominant target band was obviously observed in the presence of QDs, in sharp contrast to the control without QDs. However, when the three conventional Taq DNA polymerases were used, non-specific amplification products were obtained for the control without QDs; and no obvious specificity enhancements were seen even in the presence of QDs (Fig. 2) . Hence, HS PCR performance cannot be improved by using a conventional Taq DNA polymerase. In general, the above results indicated that HS PCR amplification performances of QDs depend on the DNA polymerase used, which is similar to the results reported by Li et al. [40] .
Comparison of HS PCR amplification performances with different polymerases after different pre-incubation time intervals at 508 8 8 8 8C To further confirm the HS effects of QDs on PCR with a high-fidelity or a conventional DNA polymerase, we preincubated PCR mixture for different time intervals (0-2 h) at 508C. As shown in Fig. 3 , multiple non-specific fragments tended to accumulate along with the elevations of the preincubation time for the control containing a high-fidelity DNA polymerase alone, which led to clearly visible smearing bands but no target bands. In contrast, we observed much cleaner and more specific target bands without significant smearing in the presence of QDs, even after a 2 h preincubation at 508C, which further confirmed the HS effects of QDs with high-fidelity DNA polymerases. The results in Fig. 4 illustrated that there was still no great difference between the control and the QDs groups using conventional Taq DNA polymerases. Moreover, there were no target bands attained after a 2 h pre-incubation step for both the control and the QDs groups. Therefore, the comparison between the results in Figs. 3 and 4 further authenticated that QDs mainly trigger HS PCR amplification performance with high-fidelity DNA polymerases.
The effects of different PCR buffers on HS PCR amplification performances using different DNA polymerases The amplification buffer regulates the pH of the PCR reaction mixture, which in turn affects the DNA polymerase activity and fidelity. Accordingly, all DNA polymerases are supplied with their own optimal buffers. Furthermore, the amplification buffer may trigger HS effects due to some PCR additives. Therefore, we studied the influence of different non-HS PCR buffers ( Table 2 ) on QD-triggered HS effects using highfidelity and conventional DNA polymerases. As shown in Figs. 5 and 6, even though slight nonspecific bands were produced, predominant target bands (shown by the arrows) were still obviously observed for Pfu and Robust fusion DNA polymerases in four other PCR buffers when QDs were added, in sharp contrast to the nonspecific bands for the control without QDs. Moreover, there Impact on the fidelity of PCR The fidelity of PCR is an important factor for biomedical applications. Therefore, it is necessary to investigate whether QDs can largely influence the fidelity of target DNA products. PCR products in the presence or absence of QDs using the primer pair A99/A100 were sequenced to confirm the fidelity. The sequencing results were displayed in Tables 3 and 4 and Figs. 9 and 10, which demonstrated that the addition of QDs did not interrupt the fidelity of the PCR system, even after 1 h pre-incubation at 508C. Therefore, QDs could not only trigger the HS PCR performance with Pfu, but also maintain its fidelity.
Discussion
In this study, we have confirmed that QDs can trigger an obvious HS effect PCR amplification performance with high-fidelity DNA polymerases, but could not work well with conventional DNA polymerases. There are two possible reasons why QDs only trigger HS PCR amplification performance with high-fidelity DNA polymerases. The first one is that, similar to the single-stranded binding protein [10] , QDs can selectively bind the single-stranded DNA rather than the Figure 9 . Sequencing alignment results to test the fidelity of QD-assisted PCR with primer A100 Seq1, control without QDs; Seq2, with QDs; Seq3, with QDs and a 1 h pre-incubation at 508C. double-stranded DNA. Therefore, QDs may bind the primers which can block the non-specific amplifications at temperatures lower than normal PCR temperatures. However, previous study demonstrated that negatively charged mercaptoacetic acid-coated QDs did not bind chromosomes or DNA [41] . And that QDs could not trigger distinct HS effects with conventional Taq DNA polymerases.
Thus, we reasoned that the HS effect QD triggered is mainly due to the affinity between DNA polymerase and QDs. At low temperatures, the polymerase activity is inhibited due to the strong interaction between DNA polymerase and QDs, which effectively prevents unwanted non-specific amplification and improves the performance of PCR. The increased activity of polymerase at high temperatures (PCR temperature) is possibly due to the dissociation of DNA polymerase from QDs. Moreover, the affinity between QDs and a high-fidelity DNA polymerase is stronger than that between QDs and a conventional DNA polymerase.
In order to validate the above speculation, we employed the electrophoresis method to investigate the potential interaction between QDs and Pfu, Robust fusion, or Taq at different incubation conditions, respectively. As shown in Fig. 11 , Pfu DNA polymerase presented the stronger non-specific interactions with QDs at low temperature (low 608C), indicated by its slightly reduced electrophoretic mobility and a great deal of discrete bands in comparison with those of Taq DNA polymerase. At PCR temperature condition, the interaction between Pfu DNA polymerase and QDs became weak. Furthermore, similar results were observed between QDs and Robust fusion DNA polymerase. In general, the above results preliminarily authenticated our hypotheses. Moreover, we thought that the complex interaction between QDs and DNA polymerase may be affected not only by the different ratio of QDs to polymerase but also by the source of the polymerase. These phenomena were in accordance with some results of Li et al. [40] . However, the mechanism underlining QD-triggered HS effects on PCR remains unclear and will require further investigation due to the complexity of PCR.
In conclusion, the HS effect comparison between four high-fidelity and three conventional Taq DNA polymerases further authenticated that QDs mainly trigger an obvious HS PCR amplification performance with a high-fidelity DNA polymerase, and could not work well with a conventional DNA polymerase. Moreover, a good HS effect was still obtained for a high-fidelity DNA polymerase when other non-HS PCR buffers were used, which suggested that the observed HS effect is not due to the properties of the buffer but due to QDs themselves. Besides, the fidelity of QD-facilitated PCR amplification was still good even after 1 h pre-incubation at 508C. Furthermore, the electrophoresis results clearly suggested that HS effects are mainly due to the stronger interaction between QDs and the high-fidelity DNA polymerase than that between QDs and a conventional Taq DNA polymerase at low temperatures and the dissociation of QDs from a DNA polymerase at high temperatures. In summary, QD-based strategy provides a straightforward and versatile way to modulate a high-fidelity DNA polymerase, which could be widely used in HS PCR amplification and particularly in high-throughput PCRs. Figure 11 . Gel electrophoresis images of QDs, QDs and Taq mixture, QDs and Pfu mixture, QDs and Robust fusion mixture at different pre-incubation conditions 1.6% gel was used in the above plot. 0.8% gel was used in the below plot.
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